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Abstract. :
Frequency conversion of optical waves as a result
of refraction through a moving interface in traveling-
wave electro-optic phase modulators is analyzed.
Two configurations of a device performing
conversion are proposed, and their operating
requirements are determined.

1. Introduction

There are several approaches to frequency
conversion in optical WDM systems [1]. The only
method that is currently mature enough to be used
commercially is the so-called optoelectronic method.
Amplitude modulation carried by light with one
frequency is picked up by a photodetector and used to
modulate light from another laser with a different
frequency. ’

There are also several all-optical methods for
frequency conversion which do not involve light

" detection and retransmission. Two of them are based
on cross-gain and cross-phase modulation in
semiconductor optical amplifiers (SOAs). In the first
of these methods, the signal at frequency f; saturates
the SOA, thus changing its gain, varying the output
amplitude of the probe signal at f;, and imparting it
amplitude modulation. In the second method, SOAs
are placed in two arms of a Mach-Zehnder
interferometer. The signal changes the number of
carriers in each SOA, thus changing the index of
refraction seen by the probe and therefore phase-
modulating it. As two parts of the probe interfere at
the output, phase modulation is converted into
amplitude modulation which repeats that of the
signal. Another all-optical method uses four-wave
mixing in an SOA of signal at frequency f; and probe
at frequency f, producing modulated signal at
frequency 2f,-f..

These all-optical techniques have their advantages
and drawbacks. What unites them, however, is the
general idea of using nonlinear interactions to impart
the modulation of the signal to a probe beam with a
different carrier frequency. Thus, all of them require

0-7803-7003-1/01/8$10.00 © 2001 IEEE
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two optical inputs, the original signal being one of
them.

In contrast with this, the method of frequency
conversion presented in this paper changes the signal
frequency by varying the parameters of the system.

2. Background: Light Crossing Moving
Interface between Two Media

The problem of light reflecting from a moving
mirror was analyzed by Einstein in his 1905 paper
that introduced the special theory of relativity. This
problem has received a lot of attention since then [2].
A related problem - transmission of electromagnetic
waves through a moving interface — has received less
attention.

The frequencies of the reflected and transmitted
waves can be found either by explicitly considering
the relativistic effects or simply taking into account
the continuity of phase at the boundary. The
expressions obtained for both methods turn out to be
the same. - o

Here we show another derivation of the formula for
frequency conversion by the moving interface in the
case of normal incidence. It is conceptually the
easiest, since it does not evem assume prior
knowledge of the Doppler effect.

Let us consider a plane light wave propagating in
+z direction in a medium with refractive index n,
normally impinging on a boundary with another
medium with refractive index n,. The boundary itself
is moving with the speed v<e/ny, c/n; in the
direction of light propagation. At¢= 0, the boundary
is at z = 0 and crest 1 of the wave has just reached the
boundary. The time ¢ it takes for the next crest
(crest 2) to reach the boundary cam be determined
from the equation

1=i‘_t_v_'_ )
4
Thus,
=t @
c-v




The new wavelength of the refracted wave A, is the
position of crest 1 at ¢ minus the position of the
boundary at #.
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Cy— —nyv
Ay =cpt—vt=4 270 = DL ETY (3
v n, c—myv v
Knowing this, we can find the new frequency
Czll [ "‘-nlvv 4
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We considered the case when the boundary
between the two media is moving with velocity
v<c/ny, ¢/ny in the direction of light propagation
(subluminous co-propagating case). Same expression
for frequency conversion is true for the
superluminous (boundary faster than light) co-
propagating case. In the counter-propagating case, v
changes sign and therefore minuses in expression (4)
have to be replaced by pluses.

If the boundary is not sharp (i.e. large compared to
one wavelength), then we can view it as a collection
of infinitely many sharp boundaries with “infinitely
small changes An in the index of refraction.
Propagating light through all these boundaries using
relationship (4)

c—my c—(n +An)y
f2=fi' .
c—(n +An)v ¢ —(n +2An)v
c—(ny—An)v_ . c—my
i c—nyv t c—nyv

it is clear that ultimately ohly the initial and final-

values of the coefficient of refraction are needed to
find the frequency shift. - Thus, the shape of the
boundary does not. affect the frequency conversion
although it will affect the amplitudes of reflected and
transmitted signals. In particular, if the transition
region is larger than wavelength, the reflection
coefficient will decrease significantly [2] and
therefore more energy goes through the interface:

Another effect that will take place together with
frequency conversion is the corresponding scaling of
pulse bandwidth, duration and amplitude.

Readers who are interested in detailed theoretical
analysis of related problems are encouraged to look
at an excellent discussion of changing parameters of
light as a result of reflection from a moving boundary
given in [2]. References therein provide a good
account of literature published on this topic.

There have been a number of experiments
confirming the frequency shift caused by reflection
and refraction from a moving interface, beginning in
the late fifties [3, 4]. In all of them this interface was
formed by either a relativistic electron beam or a
plasma ionization front.  Also, the incident
electromagnetic wave was not in the optical domain.

This study investigates possibility of an electro-
optic frequency converter -based on this principle.
What is new here is that the frequency conversion
takes place when optical wave refracts through a
moving interface generated using Pockels effect in a
nonlinear dielectric waveguide. - Up conversion as
well as down conversion are possible. We will see
below that the frequency shifts are small (on the
order of 0.1%); however, they are sufficiently large
to be used in WDM systems where typical channel
spacing is 100 GHz while the carrier frequency is
about 200 THz.

3. Discussion of an Electro-Optic Frequency
Converter

A traveling wave electro-optic (EO) phase
modulator could serve as a model for a device with a
moving interface between regions with different
indices of refraction. It consists of a waveguide
where the light is confined and microstrip lines where
the modulating microwave signal is propagating.

Most EO phase modulators use Pockels effect. In a
Pockels medium the index of refraction 7 depends on
electric field £ as

n(E) =r_t—-;—rn3E ®)
where r is the Pockels coefficient of the medium.
The velocities of propagation of the carrier (light)

and the modulating signal are matched as closely as

possible in order to maximize the modulation

efficiency and bandwidth. However, the actual

modulation is of little interest to us in this context.
Let us assume that the value of the modulating

. -electric field can be cither -¥ or V.. These two values
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of the electric field correspond to certain values of

the index of refraction in the parts of the waveguide
above which they are propagating: »; and #n;. Now
let us say that the microwave signal propagates faster
than light (as is the case in polymer EO devices), so
that its velocity v > ¢/n;, ¢/n;.

The optical input is a sequence of pulscs with
duration T and period 27. - Meanwhile, high
frequency (HF) signal generator produces a square

wave with period 27 that gocs through the microstrip,

line. This square wave is ahgned so that it starts to
travel in the active region in phase with the optical
pulse train (Fig. I). Thus each optical pulse enters
the active region with index of refraction n,, but since
it travels slower than the microwave signal, it then
crosses into the region with index #,. The duration T
is chosen so that the trailing edge of the microwave
signal would just be able to surpass the leading edge
of the comresponding optical pulse; however, the
leading edge of the microwave pulse would not catch
up with the previous optical pulse (Fig. 1).




In such a frequency converter, the input and output
frequencies can be variable, and the difference
between them is determined oaly by the amplitude of
the modulating signal, since the velocity mismatch
between this signal and light is constant for each
particular device. Both up and down conversion are
possible depending on the phase of the square wave.

If the incoming optical signal is continuous, then
the device has to consist of at least two branches. In
one configuration the device will consist of two
parallel arms with a switch being mounted on the
input coupler (Fig. 2a). The. switch is synchronized
with the HF source and it directs the incoming light
into one of the two arms with period 7. Later, the
light from both arms is coupled back together.

Microwave input

travelling with
| l l l speed v l | | |
< -
2T Travelling-wave

EO modulator

, —
l l; I ' Light travelling | I | l
42—T> with speed c/n
Figure 1. Optical and microwave inputs start

traveling in the active region in phase, but since
microwave is faster, at the end they are 180° out of
phase.

Alternatively, light can be just split into two arms
and then recombined. At the output, a sharp filter
must be employed that would stop all the unwanted
frequencies (Fig.2b). In both configurations, the
electrical signal must be delayed by kT (where £ is
any odd integer) at the start of the 2™ active region

with respect to the start of the first one, because the

optical time slots that need to be converted are
different.

Of course, a signal generator with finite bandwidth
- cannot create an ideal square wave. In practice, the
edges will never be infinitely sharp; so in order to
convert the entire optical signal by the same factor
more than two active arms may be needed. In this
case the configuration shown on Fig. 2b is more

appealing.

4. Quantitative Estimate of Device Parameters
The material that is most widely used in electro-
optic devices is LiNbO;. However, the velocities of
propagation of optical and electrical signals are
strongly mismatched in it, so it is almost impossible
to achieve significant frequency shifts (hundreds of
GHz) using LiNbO; as an active material.

Tu-4.3
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A new generation of polymers presents a viable
alternative to LINbOs in a variety of applications [5].
Typical numbers for advanced EO polymer materials
at 1.3 um are: r;3=55pm/V, V=35V, index of
refraction seen by light » = 1.55, microwave index of
refraction n,=1.68, and the interaction length-
1=3cm. Thus, the propagation will be superluminal
(v > c/ny, c/ny).

synch

a. — HF signal
generator
—»] switch *>——>
optical frequency
input ¥ converted
output
b. _| HF signal
generator
—7->< *>'> filter [—>
optical frequency
input w converted
output

Figure 2. Frequency converter configurations for
continuous optical inputs.

Since the modulator has Mach-Zehnder
configuration, the following condition must be
satisfied when Vis applied

(2zr(nl +dn) 2my V=r

A A
4o 2.2-107°

dn=—-=
2

Thus, if we apply 23 V, the change in the index of
refraction is going to be 10™. The graph on Fig. 3
shows the frequency shift vs. index change.
Although the function is nonlinear, it is almost
exactly linear for small changes in n.

It can be seen that 23 V will be enough to shift the
frequency by 355 GHz. Since the separation of 2
adjacent WDM channels is 100 GHz, this device can
be used as a frequency converter for WDM systems.

The duration T of the signals sent into each arm can
be found as

T=L (1= )
c

If the length of the active region / is chosen to be
3cm, then T=13 ps. The frequency of the
modulating signal must be about 30 GHz, which is
also available.




 Tu43

Clearly, the scaling of the pulse bandwidth and

duration by 0.1% that takes place is inconsequential. 1.

Another effect that was neglected in this discussion is
dispersion. It can be shown that its effect on the

frequency conversion is insignificant. 2.

4.0Een

Figure 3. Frequency shift vs. applied voltage for
velocity mismatch typical in polymer modulators.
The function is almost linear for small dn.

The loss in the microstrip line is quite high, so the
index difference across the boundary is much larger
in the beginning of the active region than at the end.

As a result, different parts of the optical signal
incur different frequency shifts, thus creating chirp
and negatively affecting frequency conversion. Loss
can be reduced by using different microwave
waveguide materials and configurations. Also, the
distance between the microstrip and the ground plate
can be made decreasing over the length of the device
to offset the effects of microwave attenuation and
keep the electric field in the optical waveguide
constant.

5. Conclusion

A method for optical frequency conversion in
WDM systems based on transmission through a
moving interface is introduced and analyzed. It
offers the following advantages over competing all-
optical methods. Unlike other techniques, it requires
only one optical input, and therefore there is no need
for additional lasers. The nonlinearity is controlled
by the electric field and does not depend on the
intensity of the optical field. This makes the
amplitude of the optical field less important
compared to the case when the optical field itself
triggers nonlinear behavior. Therefore the
conversion is easier to control just by varying the
electric field.

Continued advances in electro-optic materials and
photonic devices will certainly increase the
attractiveness of this approach.
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Wavelength conversion of optical signals as a result of refraction through a moving interface in traveling-wave
electro-optic phase modulators has been analyzed. The connection between wavelength conversion and phase
modulation with velocity mismatch has been investigated both analytically and by use of computer simulation.
The configuration of a device performing the conversion is proposed, and the operating requirements are
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in wavelength-division multiplexing applications and possess several advantages over competing all-optical

methods. © 2002 Optical Society of America
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Several all-optical approaches to optical wavelength
conversion in wavelength-division multiplexing (WDM)
systems are now in the research stage.! The most
promising ones use cross-gain modulation, cross-phase

modulation, four-wave mixing in semiconductor opti- -

cal amplifiers. These all-optical techniques share the
general idea of using nonlinear interactions between
the signal and a probe beam to impart the signal’s
modulation to light at a new wavelength. In contrast,
the method of wavelength conversion presented in this
Letter shifts the signal’s wavelength by varying the
parameters of the system and requires only one optical
input. :

The suggested method is based on wavelength
shifting due to refraction of light through a moving
boundary between two media with different refractive
indices. The interaction of electromagnetic waves
with such a moving boundary was considered in sev-
eral publications.?® Most of the relevant publications
focused on reflection of electromagnetic waves from a
moving boundary rather than refraction through it.
Besides, in those publications electromagnetic waves
that are not in the optical domain were studied and
the boundary formed by either a relativistic electron
beam or a plasma ionization front was considered.
In this Letter the wavelength conversion of optical
signals in traveling-wave electro-optic (EO) devices is
analyzed.

In the analysis below, the term frequency conver-
sion is consistently used instead of wavelength con-
version. We believe that frequency conversion is more
accurate, since technically the wavelength is converted
when light crosses between two media with different
refractive indices.

A traveling-wave EQO phase modulator consists of
a nonlinear optical waveguide integrated with a mi-
crowave waveguide. The microwave signal changes
the refractive index in the optical waveguide, thus
phase modulating light in it. To increase the modula-
tion bandwidth, it is desirable to match the velocities
of the microwave and optical signals. However, some
mismatch always exists. Therefore, the microwave
signal creates moving boundaries between regions
with different refractive indices, and the optical signal

0146-9592/02/060427-03$15.00/0

constantly crosses these boundaries. The boundary
(i.e., microwave signal) can move faster or slower than
the optical signal (superluminal and subluminal cases,
respectively). Below, we derive the expression for
frequency conversion for the superluminal case. The
result for the subluminal case is the same.

Consider a plane light wave with frequency f; propa-
gating in the +z direction in a medium with refractive
index n, + An,, which is being overtaken by a sharp
boundary with another medium with refractive index
n,. The boundary is moving with velocity » > ¢/(n, +
An;), ¢/n; in the direction of light propagation and lies
in the x—~y plane. At ¢ = 0, both the boundary and
crest 1 of the optical wave are at z = 0. The time ¢
that the boundary takes to catch up with the next crest
(crest 2) can be determined from the equation ¢ = [A; +
tc/(n, +.Ang)l/v. Thus, t = Ay/[v — ¢/(n, + An,)].

The new wavelength of the refracted wave, Az, is
equal to the position of the boundary at ¢ minus the
position of crest 1 at &:

L _ ., (ny, + Any) nev — ¢
As =tv — tefn, = Ap " (e + Ang)y — ¢
1
Knowing this, we can find the new frequency as
(no + Ang)v — ¢

= Lo TRV O, )
fa=h — ‘ .()- _
for v > ¢/(n, + Any), ¢/n, or v < c/(n, + Any,), c/n,.
The refractive index seen by the microwave signal is
nm, S0 the boundary moves with velocity ¢/n,. Trans-
forming Eq. (2), we get

fa2 = fill + Any/(no — n)]. 3)

Thus, the velocity mismatch is desirable and, indeed,
necessary for frequency conversion. Ifthe boundaryis
not sharp (i.e., large compared with one wavelength),
then it can be viewed as a collection of m (where m
is a large integer) sharp boundaries with small index
changes An,/m. Applying Eq. (2), we can express the
output as

© 2002 Optical Society of America
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e e A m+1-k)/mly — ¢
fo=fi M [no + Ano(m — B)/m]v — ¢

k=1

(no + Any)v — ¢ ) @
nov — ¢

=f

It is clear from Eq. (4) that one needs only the initial
and the final values of the refractive index to find the
frequency shift.

Let the optical input of an EO phase modulator
be a train of pulses with duration 7' and period
2T. The modulating voltage is a square wave with
period 2T and a magnitude of either V or —V, which
corresponds to one of two values of the refractive index
in the parts of the waveguide where this voltage is
applied: n, + An, and n,. This square wave starts
to travel in the active region in phase with the optical
pulse train (Fig. 1). Each optical pulse enters the
active region where the refractive index is n, + An,,
but since it travels more slowly than the microwave
signal, it gradually crosses into the region with index
n,. The pulse duration T is chosen so that by the end
of the active region the optical pulse train is retarded
by exactly T' with respect to the modulating square
wave; or, equivalently, all parts of the optical signal
see index n,:

T = L(n, — np)/c. (5)

Thus, all parts of the optical signal cross the moving
boundary and change their carrier frequency according
to Eq. (3). In such a frequency converter, the input
and output frequencies can be variable, and the fre-
quency shift is controlled by the amplitude of the modu-
lating square wave, which determines An,. Both
upconversion and downconversion are possible.

The device proposed for frequency conversion is
based on a phase modulator, with its length and ve-
locity mismatch connected to pulse duration through
Eq. (5). Below, frequency conversion is analyzed
as a special case of phase modulation with velocity
mismatch.

In a Pockels medium the optical index of refraction,
n,, depends on applied electric field E as n,(E) =~ n, —
rn,®E /2, where r is the appropriate Pockels coeffi-
cient of the medium. After propagating distance L in
a waveguide with voltage V applied to it across elec-
trode spacing d, light undergoes a phase shift of

¢ = 2mno(E)L/Ao = ¢o — 7V /Vr, (6)

where ¢o = 2wn,L/Ay, V, = dro/(Lrn,®) is the
half-wave voltage, and Ag is the optical wavelength in
vacuum. For now, we neglect microwave loss.

Thus, at the output of the device, the phase of the
electric field can be written as

E(t) « exp| j(¢po — 7wV /V, — wt)]. ¢))
Now let us take into account the velocity mismatch be-

tween the optical and microwave signals. The differ-
ence in the time that these signals take to cross the

active region is At = (n, — np)L/c. The expression
for the modulated electric field becomes

Iy
E(t) « exp[jrqﬁo - V—% [t V(r)dr — wt-” . (8

After substituting the expressions for V., and At into
expression (8); simplifying, and leaving only time-
dependent terms, we get ) )

1 L‘P {t+AtV(T)d‘T“ .
¢

SN PO S
E(t)xexp —jw t+no—nm od

9

In the ideal case of frequency conversion described
above, the modulating signal is a square wave that can
be expressed as

[V 2T <t<@k+ 1T

vV @-1DT<t<oer’ 10

V)=

where T' = At and % is any integer. At the end of

the modulator, the optical pulses occupy time slots for

- which (2k — 1)T <t < 2kT'. For these slots

t+T
[ V(r)dr = (2t — 4kT + TV . 11)

t

Substituting Eq. (11) and An, = rn,2V/d into expres-

sion (9) and leaving only time-dependent terms, we ob-

tain the final expression for the time-varying part of
the optical phase:

E(t) = exp{—jo[l + Ano/(n, — nm)lt}. ~  (12)

The new frequency in expression (12), w; =
o[l + An,/(n, — n,)], is the one predicted by Eq. (3).
Thus, it is confirmed that the velocity-mismatched
phase modulation of pulsed light indeed produces -
carrier frequency shifting if the necessary conditions
are satisfied.

Of course, a signal generator with finite bandwidth
cannot create the ideal square wave. A sinusoidal
microwave signal with the same period (2T) can be
used for optical frequency conversion, if the optical
pulses are much shorter than T'. In this case, almost-
uniform conversion can be achieved when the pulses
are initially aligned with the peak or trough of the
sinusoid, where the function is changing very slowly.

Microwave input .
traveling with velocity v
.

i
¢+ modufator

H i difference

Traveling-wave EO | |
with velocity

" —P
Light traveling with
; velocity c/n,

0
]
]
I3
LR
¥il
.
i
i

PR g

an

Fig. 1. Optical and microwave inputs start traveling in
the active region in phase, but since microwaves propagate
faster, at the end the inputs are 180° out of phase. The
shaded areas have optical refractive index n, + An,, and
the areas that are not shaded have refractive index n,.
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The material most widely used in EO devices is
LiNbOs. The optical and microwave refractive indices
are strongly mismatched in it. It can be seen from
Eg. (3) that the frequency shift is inversely propor-
tional to the index mismatch, so it is very difficult
to achieve the shifts required for WDM frequency
conversion (up to few terahertz) by use of LiNbOs.

A new generation of EO polymers presents a
feasible alternative to LiNbOj in a variety of applica-
tions.! Velocity mismatch in polymer devices is much
smaller than in LiNbOs, with typical mismatch being
n, — nm = 0.1, and propagation is superluminal. One
can tailor this mismatch by changing the impedance of
the microstrip line, and a desirable value of ~0.15 can
be achieved. Microwave loss in the microstrip line is
quite high, so the index difference across the boundary
is much sharper in the beginning of the active region
than at the end. Therefore, the parts of the optical
signal that cross the boundary further into the active
region experience smaller frequency shifts, and
the converted signal becomes chirped. In general,
microwave loss negatively affects the frequency con-
version, although the resulting process can be viewed
as an alternative method of generating chirp.

Fortunately, there are ways to cope with this prob-
lem. Different microstrip materials and microwave
waveguide configurations can reduce the losses sig-
nificantly. Also, the distance between the microstrip
and the ground plane can be made to decrease over
the length of the device, thus offsetting the attenuation
and keeping the electric field in the optical waveguide
constant.

A device similar to a Mach—Zehnder interferometer,
with a frequency converter in each arm, can be used
to perform the conversion of cw optical signals. If the
two converters are driven by rf square waves that are
180° out of phase, complementary parts of the input cw
signal are upshifted and downshifted in each arm by
frequency f1An,/(n, — n,). After the output Y junc-
tion, one can employ an optical bandpass filter to reject
the components that did not undergo the desired fre-
quency conversion. If a sinusoidal microwave signal
is used instead of the square wave, then the incom-
ing optical signal has to be split into 2 arms (k > ~5),
each centaining a frequency converter. In this case,
the driving sinusoid in the mth arm has to be phase
shifted by 360°/k with respect to the (m — 1)st arm.

Using r33 = 36 pm/V at 1.55 um and n, — nm =
0.15,* we can calculate that the applied voltage am-

plitude of 53 V corresponds to a frequency shift of
~800 GHz. Since the separation of two adjacent
WDM channels is 100 GHz, a polymer phase modu-
lator can be used as a frequency converter for WDM
systems. If the length of the active region L is chosen
to be 3 cm, the period 2T of the driving microwave
can be found from Eq. (5) to be 30 ps.

Frequency conversion was simulated with Matlab
software, with expression (9) as the basis for simula-
tion and the numerical parameters from the previous
paragraph. The conversion of a truncated Gaussian
optical pulse with a FWHM duration of 2.2 ps was
simulated with both square-wave and sinusoidal driv-
ing signals (Fig. 2). As expected, the conversion with
the square wave upshifted the spectrum by 800 GHz
without distorting its shape, whereas the spectrum of
the pulse converted with a sinusoid was somewhat dis-
torted. Further reducing the optical pulse duration
compared with T' can minimize this distortion.

When the conversion of an optical pulse is analyzed,
the pulse’s finite bandwidth has to be taken into
account. Each frequency is multiplied by a certain
factor, and therefore the bandwidth is broadened by
this factor. Clearly, the pulse duration shrinks by
the same factor, and, because of energy conservation,
the power is multiplied by it. The scaling of the pulse
bandwidth and duration by less than 2% that takes
place in WDM frequency converters is inconsequential.
In polymers, the optical refractive index changes by
less than 2 X 107° over 100 GHz at 1.55 um. Thus,

_ the value of n, — n, and therefore the frequency

shift varies by a maximum of 0.01% among different
frequencies in a single WDM channel, so it is safe
to neglect the effect of dispersion on the frequency
conversion.

. In conclusion, a method of frequency conversion
in WDM systems based on transmission through a
moving boundary has been introduced and analyzed.
Unlike competing all-optical methods, the method
presented here requires only one optical input, so
there is no need for additional lasers. The amount
of the frequency shift is controlled by the amplitude
of the electric field. Thus, the power of the optical
signal is not critical. The conversion is completely
transparent, and its efficiency is almost unity.
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